The functions of adult stem cells and tumor suppressor genes are known to intersect. However, when and how tumor suppressors function in the lineages produced by adult stem cells is unknown. With a large population of stem cells that can be manipulated and studied in vivo, the freshwater planarian is an ideal system with which to investigate these questions. Here, we focus on the tumor suppressor p53, homologs of which have no known role in stem cell biology in any invertebrate examined thus far. Planaria have a single p53 family member, Smed-p53, which is predominantly expressed in newly made stem cell progeny. When Smed-p53 is targeted by RNAi, the stem cell population increases at the expense of progeny, resulting in hyper-proliferation. However, ultimately the stem cell population fails to self-renew. Our results suggest that prior to the vertebrates, an ancestral p53-like molecule already had functions in stem cell proliferation control and self-renewal.
INTRODUCTION
The p53 family of transcription factors consists of three genes in vertebrates and is one of the most important and most studied gene families in vertebrate biology. The first identified member of this family was p53, which is best known for its role as a tumor suppressor but also has functions in diverse cellular processes that include the DNA damage response, cell proliferation, senescence and apoptosis (Evan and Vousden, 2001; Ko and Prives, 1996; Suh et al., 2006; Toledo and Wahl, 2006; Yee and Vousden, 2005) . The other vertebrate p53 family members, p63 and p73, also function in response to DNA damage and in apoptosis (Murray-Zmijewski et al., 2006; Yang et al., 2002) , but have additional roles in stem cell self-renewal (p63) (Senoo et al., 2007) , neuronal differentiation/survival (p73) (Pozniak et al., 2002; Yang et al., 2002) , and even as oncogenes (by negatively regulating p53) (Deyoung and Ellisen, 2007; Li and Prives, 2007; Moll and Slade, 2004) . Interestingly, the single p53-like genes in flies and C. elegans have retained function in response to DNA damage, yet do not function in tumor suppression, stem cell self-renewal or neuronal survival (Brodsky et al., 2000; Derry et al., 2001; Ollmann et al., 2000; Rong et al., 2002; Wells et al., 2006) . Therefore, a longstanding question is whether the functions of the p53 family in tumor suppression and stem cell self-renewal are specific vertebrate innovations or were these functions present in an ancestral p53-like molecule?
In addition to diverse cellular functions, the p53 family also has an intricate evolutionary history (see Fig. S1 in the supplementary material) (Nedelcu and Tan, 2007) . For example, p63 and p73 contain an additional C-terminal sterile alpha motif (SAM domain), which p53 lacks. Because p53 family members in several invertebrates also have C-terminal SAM domains, the invertebrate-vertebrate ancestor is likely to have had a p53 family member with a SAM domain (Lu and Abrams, 2006; Nedelcu and Tan, 2007; Ou et al., 2007) . Regardless of the SAM domains in p63 and p73, vertebrate p53, p63 and p73 are more closely related to each other than those from any invertebrates (see Fig. S1B in the supplementary material) (Lu and Abrams, 2006; Nedelcu and Tan, 2007) . This means that vertebrates have duplicated the ancestral molecule at least twice and one of these paralogs (p53) then lost the SAM domain. Owing to these duplications, invertebrate p53-like genes are orthologous to all three vertebrate genes and do not have a 1:1 orthology with either vertebrate p53, p63 or p73. For example, fly p53 has no SAM domain and thus is called 'p53' even though it is equally related to vertebrate p53, p63 and p73 (Ollmann et al., 2000) . Interestingly, Drosophila, C. elegans, Tribolium (beetle), flatworms (Lophotrochozoans), Ciona (chordate) and Nematostella (anemone) all have p53-like molecules without SAM domains, suggesting that independent loss of this domain is common (see Fig. S1A in the supplementary material) (Nedelcu and Tan, 2007; Pearson and Sánchez Alvarado, 2008) .
In order to further understand how p53-like genes have changed function during evolution it is crucial to use an animal that is an outgroup to flies, C. elegans and vertebrates, such as the freshwater planarian Schmidtea mediterranea. Planarians are in the Lophotrochozoan super-phylum and thus promise to lend a fresh view on the functional evolution of the p53 family. In addition, planarians offer several advantages in the study of gene function in adult animals. Asexual planarians are long-lived, perpetual adults, which reproduce by binary fission and subsequent regeneration of missing body parts . This biology allows the study of gene function in adults by RNAi without any concern for embryonic requirements (Newmark et al., 2003) . The regenerative capacity and tissue turnover are provided by a large number of adult somatic stem cells (neoblasts), which can be manipulated and studied in vivo as an entire population (Eisenhoffer et al., 2008; Guo et al., 2006) . Because planarians have high levels of tissue turnover and constant adult stem cell divisions, it is expected that they have a need for both tumor suppression and stem cell self-renewal, and might share similar genetic mechanisms with vertebrates in that both processes involve p53 family members (p53 and p63).
Here, we show that planarians have a single p53 family member, which we have called Smed-p53 owing to its lack of a SAM domain. Furthermore, we observed that Smed-p53 expression was largely restricted to the newly made, postmitotic progeny of stem cells. When Smed-p53 was knocked down by RNAi, animals showed an increase in stem cell number and proliferation at the expense of daughter cell differentiation, consistent with Smed-p53 having tumor suppressor-like function in planarians. However, as the Smed-p53 phenotype progresses, we observed a terminal depletion of the stem cell population, which suggests that this molecule might also function similarly to vertebrate p63. Smed-p53 is the first invertebrate p53 family member shown to have a role in stem cell proliferation control, self-renewal and lineage specification. From this, we conclude that an ancestral p53 family member was already functioning in stem cell biology and proliferation control and that these functions were not vertebrate innovations.
MATERIALS AND METHODS

Exposure to gamma irradiation
The asexual clonal line CIW4 of S. mediterranea was maintained and used as described (Gurley et al., 2008; Reddien et al., 2005a) . Planarians were exposed to 10, 20, 30 or 60 Gray (Gy) of gamma irradiation using a J. L. Shepherd and Associates model 30, 6000 Ci cesium-137 instrument at ~6.0 Gy/minute (10 minutes).
Immunohistochemistry and in situ hybridization
Immunostaining with anti-phosphohistone H3 (H3ser10p) was performed as previously reported and photographed using a Zeiss SteREO Lumar.V12 equipped with an AxioCam HRc (Reddien et al., 2005a) . H3ser10p images were processed and quantified using ImageJ (http://rsbweb.nih.gov/ij/). Specimens were fixed and stained as described previously for whole-mount and fluorescent in situ hybridization (Eisenhoffer et al., 2008; Newmark and Sánchez Alvarado, 2000; Pearson, 2009; Reddien et al., 2005b) . Specimens were imaged using a Zeiss LSM-5 Live or Olympus FV1000 confocal microscope. All WISH experiments were performed, imaged and processed identically to allow direct comparison between experimental animals and controls.
Histology
Serial plastic sections (10 m) were obtained from RNAi and WISH worms by brief dehydration in 100% ethanol, a rinse with 1:1 ethanol:immunobed, and direct immersion in 100% immunobed with catalyst. Sections were photographed using a Zeiss Axiovert at 10ϫ magnification.
Flow cytometry
The dissociation of planarians, cellular labeling, and isolation of cells by FACS were performed as described previously (Reddien et al., 2005b) , but using a Becton Dickinson FACSAria and without the use of Calcein. At least 10,000 cells from each population were collected and processed for in situ hybridizations as described (Reddien et al., 2005b) . At least 2000 cells were scored for Fig. 1G .
Protein sequence analysis, alignments and protein prediction SMED-P53 was found using the sequenced and assembled S. mediterranea genome with the use of BLAST. The Smed-p53 homolog was then found to exist as a full-length cDNA in a library . Protein domains were predicted with the online tools SMART (Schultz et al., 1998) and InterProScan (Quevillon et al., 2005) . T-Coffee was used for protein alignments (Notredame et al., 2000) . The cDNA sequence and corresponding predicted protein can be found on NCBI. Ce, AAL28139; Smed, ACN51391; Dm, AAF40427; Dr, AAB40617; Gg, CAA31456; Hs, AAC12971; Lf, AAA98564; Mb, EDQ88915.
RNAi
cDNAs for individual genes were cloned into the pR244 vector and then expressed in the bacterial strain HT115 to make dsRNA as previously described (Reddien et al., 2005a) with optimizations (Gurley et al., 2008) . Briefly, RNAi food is made by mixing a pellet of dsRNA-expressing bacteria from 30 ml of culture (OD 600 of 0.8) with 300 l of 70% liver paste. RNAi food is fed directly to worms every 3 days for three feedings. Hypomorphic levels of RNAi were delivered with a single feeding with amputation 2 days later. Live animals were photographed using a Zeiss SteREO Lumar.V12 equipped with an AxioCam HRc.
RESULTS
Planarians have a single p53 family member
In order to find p53 family members by homology, the 'p53 DNAbinding domain' is used because it is unique for this family of proteins (pfam 870). We used the DNA-binding domain to search the sequenced and assembled S. mediterranea genome (Cantarel et al., 2008; Robb et al., 2008) . Exhaustive reciprocal BLAST and Hidden Markov Model searches revealed a single p53 family member. We cloned this predicted gene as a full-length cDNA from a planarian cDNA library, which also included a 23 bp 5Ј UTR . To check whether long N-terminal or C-terminal spliceoforms exist, we used 5Ј and 3Ј RACE and were only able to detect a single transcript containing a 42 bp 5Ј UTR and a 298 bp 3Ј UTR. The DNA-binding domain contains the three most frequently mutated residues in P53 (TP53) in human cancers (R175, R248, R273), which are also conserved in p63 and p73 (Kato et al., 2003; Li and Prives, 2007) . Mutation at these three positions abolishes DNA binding and can create a dominant-negative protein (Chudnovsky et al., 2005; Li and Prives, 2007; Lozano, 2007) . Interestingly, the predicted planarian protein is conserved at all three positions, whereas Drosophila and C. elegans are conserved at just two of the three positions (Fig. 1A) .
The presence of a C-terminal SAM domain determines the naming of p53 homologs by distinguishing p63/p73 from p53. We searched for a SAM domain in the predicted planarian protein and also analyzed 40 kb of genomic DNA downstream of the 3Ј end of the encoded transcript because it was possible that our cDNA did not include an exon coding for this domain. In all cases, our analyses failed to identify a SAM domain. To be consistent and to denote that the planarian p53 family member does not have a SAM domain, we have named this homolog Smed-p53, even though it is not a true ortholog of vertebrate p53 [as reported previously for other flatworm p53 homologs (Nedelcu and Tan, 2007) ].
When we analyzed the sequence for SMED-P53, we found interesting differences in domain structure with vertebrate p53 family members. In addition to the p53 DNA-binding domain, vertebrate p53/p63/p73 contain four additional motifs. The Nterminus contains a transactivating (TA) domain and a proline-rich motif. The C-terminal region of vertebrate p53/p63/p73 contains a nuclear localization signal and an oligomerization domain. Although there was some homology in these domain regions, SMED-P53 lacked all four recognizable motifs, similar to Drosophila and C. elegans p53 (see Fig. S2 in the supplementary material). Therefore, SMED-P53 appeared most similar in domain structure to the p53-like genes analyzed in other invertebrates.
Smed-p53 is predominantly expressed in newly made stem cell progeny
Whole-mount in situ hybridization (WISH) of planarians showed Smed-p53 to be expressed in a discrete, cell-specific pattern similar to the spatial location of stem cells and their progeny (Fig. 1B) . The transverse sections of animals stained for Smed-p53 showed strong subepithelial expression consistent with expression in stem cell progeny, and mesenchymal expression, consistent with expression in stem cells (Fig. 1C) .
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We confirmed that Smed-p53 was primarily restricted to newly made stem cell progeny using four methods. First, we followed the expression of Smed-p53 in regenerating head blastemas. During the first 3 days of head regeneration, stem cells remain in the old tissue while the regenerating head is populated by newly born, post-mitotic stem cell progeny (Eisenhoffer et al., 2008) . Smed-p53 was expressed in the head blastema as early as 24 hours following amputation, suggesting that it was expressed in stem cell progeny (Fig. 1E) .
Second, planarians can be exposed to gamma irradiation to specifically remove stem cells and their progeny in a kinetically stereotyped fashion, leaving other tissues unaffected (Eisenhoffer et al., 2008; Hayashi et al., 2006; Reddien et al., 2005b) . In this paradigm, stem cells are depleted by 24 hours post-irradiation, whereas their transient 'early' progeny are depleted by 48 hours, and their 'late' progeny are depleted by 7 days (Eisenhoffer et al., 2008) . Following irradiation, a slight decrease in Smed-p53 expression was detected by 24 hours, which is consistent with some expression in stem cells. However, most of the Smed-p53 expression was ablated 48 hours after irradiation, which suggested that Smed-p53 is primarily expressed in the early progeny (see Fig. S3 in the supplementary material).
Third, stem cells and their progeny can be partially purified using fluorescence-activated cell sorting (FACS) (Fig. 1F) (Eisenhoffer et al., 2008; Hayashi et al., 2006; Reddien et al., 2005b) . Consistent with the observed WISH, in situ hybridization on sorted cell populations showed that the majority of Smed-p53 localized to stem cell progeny, with a smaller percentage of the expression in stem cells (Fig. 1G) .
Lastly, because stem cells and their progeny are both molecularly and spatially distinct, we used double fluorescent WISH (FISH) with Smed-p53 riboprobe and either a stem cell marker (smedwi-1, Fig.  1H ), an early stem cell progeny marker (Smed-NB21.11e, Fig. 1I ), or a late stem cell progeny marker (Smed-AGAT1, Fig. 1J ) (Eisenhoffer et al., 2008 Smed-p53(RNAi) causes stem cell-defective phenotypes during tissue homeostasis and regeneration Feeding adult planarians with bacteria expressing dsRNA results in gene-specific knockdown that effectively spreads to all tissues in the organism (Newmark et al., 2003) . Following RNAi feedings, WISH confirmed that Smed-p53 expression was efficiently eliminated during the proceeding 12 days (see Materials and methods; Fig. 1D ). Uninjured Smed-p53(RNAi) worms exhibited a stereotypical ventral curling phenotype beginning around day 15, which proceeded until worms completely curled and lysed at about day 20 (100% penetrance; n100; Fig. 2A ). Ventral curling and lysis is a characteristic phenotype observed when stem cells are eliminated by a lethal dose of gamma irradiation (60 Gy, Fig. 2A ), or when animals are subjected to RNAi for genes required for stem cell function (Guo et al., 2006; Reddien et al., 2005b) . These data suggested that Smed-p53 was required for proper stem cell function and/or correct lineage production.
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Tumor suppressor function of p53 in planarians When Smed-p53(RNAi) animals were amputated into three fragments at 7 days post-RNAi, regeneration was severely impaired with minimal tissue produced (Fig. 2B ). This phenotype was not dependent on which body part was regenerating because a head that was regenerating a new tail, or a tail that was regenerating a new head, or a trunk regenerating both a head and a tail, had similar defects (not shown). This is in direct contrast to amputated Control(RNAi) animals in which the resulting fragments completely regenerated the missing body parts in 7 days (Fig. 2B) (Reddien and Sánchez Alvarado, 2004) . Because stem cell function is essential to planarian regeneration (Reddien et al., 2005a; Reddien et al., 2005b) , these data indicated that Smed-p53(RNAi) specifically disrupted planarian stem cell lineages. Nevertheless, the gross RNAi phenotypes lacked the necessary resolution to derive a mechanism explaining how the lineages had been impaired. It was equally possible that the defect in the lineage could be in the stem cells, stem cell progeny, or a combination of both, because disruption at any level of the lineage would give a gross stem cell defective phenotype. Therefore, we next analyzed proliferation, stem cells and their progeny during the course of the Smedp53(RNAi) phenotype.
The Smed-p53(RNAi) phenotype occurs in two phases: initial hyper-proliferation and terminal depletion The fact that in vertebrates, p53 functions as a proliferation suppressor and p63 is required for stem cell self-renewal, suggested that the stem cell defective phenotypes of Smedp53(RNAi) animals might be due to defects in cell division. If SMED-P53 is required only for stem cell self-renewal, we expected to observe immediate decreases in cell proliferation. Alternatively, if SMED-P53 were required to suppress cell division, we expected immediate hyper-proliferation. To distinguish between these possibilities, we performed wholemount immunofluorescence for phosphorylated histone H3 (H3ser10p), which marks dividing cells beginning at the G2/M transition of the cell cycle. The experiments were performed following RNAi feedings, every 3 days for 15 days (Fig. 3) . This time window immediately precedes the terminal (lethal) phenotype of ventral curling and lysis. Our results uncovered two phases of the Smed-p53(RNAi) phenotype: (1) significantly increased cell division for the first 9 days (day 3; P<0.001); and (2) significant depletion of cell division by day 15 (P<0.001). Interestingly, when we performed a similar time course for regenerating fragments, we did not detect significant increases in cell division in Smed-p53(RNAi) animals above those normally observed after amputation in Control(RNAi) animals. This result suggests that the induced hyper-proliferation that occurs during regeneration is likely to be the highest level of proliferation that worms can achieve and thus might mask the effects of Smedp53(RNAi) (see Fig. S4 in the supplementary material) .
Two hypotheses can explain the initial hyper-proliferation phase through perturbation of stem cells or their progeny. First, a scenario in which hyper-proliferation might be induced by failure of early progeny to differentiate, which then re-enter the cell cycle, in effect remaining stem cells. Second, that a failure of progeny to differentiate/survive might signal stem cells to increase cell division in order to compensate for lack of progeny. Examining changes in the lineage would distinguish between these possibilities. For both hypotheses, it was predicted that the early progeny would be affected, but if the stem cell population increased at the expense of progeny, it would suggest that SMED-P53 mediates a cell fate switch in the progeny to repress stem cell fate and proliferation. Alternatively, if stem cell and progeny
Development 137 (2) markers were relatively normal, this would favor a feedback model in which inappropriately specified progeny signal the stem cells to increase proliferation (but not number). Therefore, we next examined changes in lineage markers during the initial phase of the Smed-p53(RNAi) phenotype.
The initial hyper-proliferation phase is defined by a loss of early progeny with a concomitant increase in stem cell number and no detectable change in cell death
To determine which cell types were affected by the hyperproliferation observed at day 3, we used recently identified lineage markers of planarian stem cells (Eisenhoffer et al., 2008) . Briefly, it was found that a single BrdU pulse initially labels stem cells only, then chases into the early progeny, and then labels the late progeny, all cell types of which are in distinct spatial domains. The early progeny represent a transient, non-proliferative cell population that does not co-label with H3ser10p (Eisenhoffer et al., 2008) . Although it remains unclear where the endpoint of this lineage is and how many total lineages exist in planarians, the direct lineage relationship using these three markers and cell types, i.e. stem cell (smedwi-1 + ) r early progeny (Smed-NB21.11e + , Smed-p53 + ) r late progeny (Smed-AGAT1 + ), has been demonstrated and is verified by our data (Eisenhoffer et al., 2008) . Within the framework of this known lineage, we examined lineage production during the initial hyper-proliferation phase of the Smed-p53(RNAi) phenotype.
Assay of the stem cell population at day 3 in Smed-p53(RNAi) animals by the expression of three stem cell-specific markers showed highly increased staining over controls (Fig. 4) . Quantification in transverse sections of the stem cell-specific gene involved in proliferation, Smed-PCNA, showed a 39% increase in this cell population over controls (1686±68 versus 1212±65 cells/mm 2 ; P<0.001). In addition, ectopic expression of the cell cycle gene Smed-cyclinB was also observed (Fig. 4, arrows) . Conversely, assaying early progeny at day 3 by expression of the two markers Smed-NB21.11e and Smed-NB32.1g showed that these markers were dramatically decreased in Smed-p53(RNAi) animals, with decreases in staining in the dorsal population and little to no staining on the ventral side (Fig. 4 and see Fig. S5 in the supplementary material, respectively). The late progeny, as assayed by Smed-AGAT1 expression, appeared to be largely unaffected. This was not surprising because Smed-AGAT1 is not expressed in stem cell progeny until ~3-4 days after their birth, and the Smed-AGAT1 + cell population does not disappear until 7 days after stem cells are ablated by irradiation and thus were not expected to be affected at this early time point, even though their precursor cells (NB21.11e + ) were (Fig. 4) (Eisenhoffer et al., 2008) . Finally, similar effects on stem cells and progeny were also observed for regeneration blastemas (see Fig. S5 in the supplementary material).
The fact that the stem cell population increased at the expense of early progeny suggested that SMED-P53 might function as a cell fate switch when a cell transitions from immediate stem cell daughter to early progeny. However, it was also possible that SMED-P53 is simply required for early progeny survival. To test this hypothesis, we performed TUNEL stains at day 3 and saw no significant increase in cell death (see Fig. S6 in the supplementary  material) . Thus, the simplest explanation of the data was that SMED-P53 suppresses proliferation (and stem cell identity) and promotes differentiation in the early progeny. This hypothesis addresses the initial phase of the phenotype, but does not explain the loss of cell division at the late phase. Therefore, we next used the same lineage markers to describe the terminal phenotype.
The late phase phenotype shows that Smed-p53 is required for stem cell maintenance In contrast to the hyper-proliferation observed at days 3-9, we observed a significant hypo-proliferation as the Smed-p53(RNAi) phenotype progressed to day 15 ( Fig. 3; P<0.001 ). Using the above markers during this late phase of the Smed-p53(RNAi) phenotype, we observed that there was a collapse of the entire stem cell lineage, in which animals lost their stem cells and progeny as if they had been irradiated (Fig. 5) . Unlike during the initial phase (Fig. 4) , there had been sufficient time to affect the late progeny markers by this time point (Fig. 5 and see Fig. S5 , bottom row, in the supplementary material). Expression of the stem cell marker smedwi-1, as well as of the two cell cycle-specific genes Smed-PCNA and Smed-cyclinB, was virtually absent in both intact worms (Fig. 5 ) and regenerating fragments (not shown). Finally, FACS profiles of RNAi-treated 217 RESEARCH ARTICLE Tumor suppressor function of p53 in planarians Fig. 4 . Analysis of stem cells and progeny during the initial phase (day 3) of the Smed-p53(RNAi) phenotype. Whole-mount animals (the two outside columns) are shown dorsal side up with anterior to the left, with the exception of NB21.11e which are ventral side up and with the ventral opening to the digestive system circled (white dashed line). Crosssections (the central two columns) for individual markers are shown with ventral side towards the bottom and at the same axial level to facilitate comparison across genotypes. At this time point, stem cell markers are increased, early progeny decreased, and late progeny unaffected. Red arrows indicate ectopic expression in gut branches, which was never observed in control animals. Scale bars: 100m.
worms showed similar decreases in dividing cells and stem cell progeny (see Fig. S7 in the supplementary material) . These data were surprising because we expected the increase in cell proliferation and lack of differentiation to continue, with little disruption of the stem cells themselves. Thus, we next hypothesized that if we could bypass the late phase and terminal depletion of stem cells by delivering a lower dose of RNAi, we might be able to extend the hyper-proliferation phase, avoid depletion of the stem cell population, and study any resulting phenotypic consequences.
Lower doses of Smed-p53(RNAi) uncover a role for Smed-p53 in radiation sensitivity and also cause tissue dysplasia during regeneration Because the delivery of the standard amount of dsRNA for Smedp53 led to 100% worm lethality, we reasoned that lowering the dosage might result in non-lethal phenotypes and could then also be useful to test for SMED-P53 interaction with known DNA damage response proteins identified in other model systems. In response to DNA damage, p53 is known to be phosphorylated by several evolutionarily conserved kinases in both flies and vertebrates (i.e. ATM, ATR, chk1, chk2) (Efeyan and Serrano, 2007; Sutcliffe and Brehm, 2004) . We first cloned the planarian orthologs of these genes and fed a single dose of RNAi for Control, Smed-p53, Smed-ATM, Smed-ATR, Smed-chk1 and Smed-chk2, for which we observed no discernable phenotypes. However, various (10, 20 or 30 Gy) doses of gamma irradiation 2 days following RNAi for each of these genes showed a dramatic ability to modulate planarian survival curves (see Fig. S8 in the supplementary material) . These results suggest that the ancestral function of the p53 family in the DNA damage response is also conserved for Smed-p53.
Previously, we observed that Smed-p53 was detectable by in situ hybridization for approximately the first 10 days following three feedings of RNAi, yet the hyper-proliferation phase of the phenotype occurred during this incomplete knockdown period, which indicated that an incomplete knockdown might be sufficient to trigger hyper-proliferation. We reasoned that a lower dose of dsRNA might extend the initial phase of the phenotype, in effect generating the RNAi equivalent of an allelic series. By lowering the dsRNA dose (one RNAi feed instead of three), we observed that intact worms showed no phenotype. However, we observed a new phenotype in regenerating head and tail fragments following amputation. By day 12 following a single RNAi feed, worms in this 'hypomorphic' state produced a visible outgrowth directly dorsal to the site where the new pharynx was being regenerated, and, intriguingly, as only heads and tails must regenerate a new pharynx, this suggested that the patterning and/or control over proliferation to regenerate this structure required Smed-p53 (Fig. 6) .
Analysis of the abnormal dorsal outgrowth showed that it is solid and disorganized. Whereas wild-type worms have a single major pre-pharyngeal gut branch, Smed-p53(RNAi) hypomorphs
RESEARCH ARTICLE
Development 137 (2) , when proliferation is observed to be depleted, stem cells, early progeny and late progeny are also depleted. Because the wild type has a higher cell turnover in the anterior-most cells (Eisenhoffer et al., 2008) , we also observe corresponding anterior depletion when the stem cell lineage collapses. In most cases at this time point, staining for these markers in Smed-p53(RNAi) animals is undetectable. Scale bars: 100m. had several disorganized gut branches (Fig. 6D,E,I ). In addition, the dorsal outgrowth contained stem cells, early progeny, gut, nervous tissue and even ectopic eyes (Fig. 6B ,F-J). Although animals that developed a dorsal outgrowth escaped ventral curling and lysis, the pharynx could not protrude out of the body to feed, and thus the animals eventually died from starvation after several months. This result suggested that the role of Smed-p53 in hyperproliferation is different from that in stem cell maintenance because at low doses of dsRNA the stem cell population did not deplete, yet a structure associated with hyper-proliferation developed. Because the tissue in the dorsal outgrowth appeared disorganized, yet clearly contained multiple organ types, we hypothesized that this structure might be analogous to teratomas seen in vertebrates.
DISCUSSION
Evolution of the p53 family: similarity to vertebrate p53 and p63 Data from flies, C. elegans and vertebrates have made it widely accepted that p53 has acquired tumor suppressor function in vertebrates from an ancestral role of DNA damage sensing/repair (Sutcliffe and Brehm, 2004) . However, there has never been a functional study of a p53 family member in an invertebrate that has a large population of adult stem cells, nor in an animal from the Lophotrochozoan super-phylum. The fact that vertebrates have three p53 family members that are duplicates in the vertebrate lineage leaves open the evolutionary possibility that the ancestral molecule had all the functions of p53, p63 and p73, which were then split up amongst the paralogs. The results presented here support this idea because the single planarian homolog of p53 has functions in stem cell lineages consistent with both tumor suppressor-like activity (vertebrate p53), and self-renewal (vertebrate p63). In future studies, it will be interesting to investigate whether SMED-P53 functions through mechanisms of target gene regulation that are similar to those of vertebrate p53 or p63.
Evolution of Smed-p53: differences with vertebrates
Following DNA damage in vertebrates, p53 transcriptionally induces the cell cycle inhibitor p21 Cip1 (Cdkn1a). Therefore, we searched the planarian genome for p21 homologs and found none. Similarly, we could not find a p21 homolog in the genomic sequences of two other flatworm species. Thus, it was not possible to test whether SMED-P53 functions through a similar mechanism of p21 induction following irradiation or whether this reflects a real mechanistic difference. Although Drosophila has a clear p21 homolog, it is not induced by p53.
In vertebrates, p53 is post-translationally balanced by the negative regulators MDM2 and MDM4 (Toledo and Wahl, 2006) . Any change in this delicate balance results in changes in p53 stability and function. Orthologs of Mdm2 and Mdm4 have not been described outside of the vertebrates. Similarly, planaria do not appear to have either of these genes. Therefore, we hypothesize that p53 did not acquire tumor suppressor function in the vertebrates, but rather that p53 acquired much tighter post-translational regulation. Additional support for this hypothesis is that p53 is very difficult to detect by in situ hybridization in vertebrates, but trivial to detect in planarians, suggesting that most of the regulation for Smed-p53 is at the transcriptional level.
In addition to MDM2/MDM4 regulation, vertebrate p53 has 187 known binding partners (Alfarano et al., 2005; Toledo and Wahl, 2006) . Therefore, it is possible that p53 did not lose tumor suppressor function in flies and nematodes, but instead gained binding partners that together promote tumor suppressor function in planarians and vertebrates. A cursory search in the planarian genome for binding partners of vertebrate p53 that do not exist in the genomes of flies or C. elegans has uncovered potential differences (see Table S1 in the supplementary material). First, the known tumor suppressor and p53 binding partner BRCA2 exists in planaria and vertebrates, but not in flies or C. elegans (Jonkers et al., 2001) . Additionally, only planarians and vertebrates have a DNAdependent protein kinase (DNAPK, or PRKDC) gene, which is known to phosphorylate vertebrate p53 (Sheppard and Liu, 1999) .
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Tumor suppressor function of p53 in planarians Fig. 7 . Model of p53 function in mouse neural stem cell and planarian stem cell lineages. The known and unknown lineage relationships for mouse sub-ventricular zone (SVZ) neural stem cells and planarian adult stem cells. In mouse (A), precisely which cell types express p53 are unknown, although p53 functions somewhere near the top of the stem cell lineage to suppress proliferation and, most likely, to promote differentiation. In planarians (B), the lineage relationships of the cell types are known. Smed-p53 is expressed in all three cell types, also near the top of the stem cell lineage, but is primarily expressed in the early progeny. The data presented here show that this cell type is the first to be affected when Smed-p53 is lost, and that these cells lose their normal marker expression while at the same time a hyper-proliferation is observed, resulting in lineage model (C). Our data suggest that SMED-P53 has a tumor suppressor-like function in the early progeny, and in effect promotes the transition from a newly born daughter cell. In both systems, progeny feedback models (gray curved arrows) cannot be ruled out. Other gray arrows indicate inconclusive lineage relationships.
Every additional p53 modifier or binding partner provides a potential mechanism for p53 to evolve a new function without changing its own sequence. Future studies will determine whether the conserved p53-binding proteins between vertebrates and planaria also have p53-like phenotypes in planarians.
Studies in planarians can inform vertebrate hypotheses
Even though p53 is one of the most studied molecules in vertebrate biology, the exact mechanisms by which it exerts tumor suppressor function in stem cell lineages are unknown. For example, studies using knockout mice showed that neural stem cells lacking p53 (Trp53) had increased proliferation and possibly decreased differentiation (Gil-Perotin et al., 2006; Meletis et al., 2006) . Nevertheless, where and how p53 might be functioning in these cells is not entirely clear because the precise in vivo lineage of mammalian neural stem cells was incomplete when these studies were performed (Fig. 7A) (Zhao et al., 2008) . In fact, the lack of a precise lineage and the in vivo inaccessibility for most vertebrate stem cells limit our understanding of where and when p53 is expressed and what it does in those cells and how their lineages might change when p53 is removed. Based on our findings, we predict that the increased proliferation and concomitant loss of differentiation observed in p53 -/-neural stem cells, for example, do not occur through changes in the stem cells proper, but by limiting proliferation and promoting differentiation in their newly made progeny. Given the rapid decrease in the numbers of early postmitotic progeny observed in Smed-p53(RNAi) animals, it is possible that if a p53 mutation occurs in a stem cell, then the effect will be manifested in the progeny, which might now take on a stem cell-like fate (i.e. proliferative and less differentiated, Fig. 7B,C) . Taken together, our findings demonstrate that planarians provide a model system with which to study tumor suppression and adult stem cell lineage development in vivo, and are likely to inform our current knowledge of adult stem cell function (tissue homeostasis and regeneration) and dysfunction (tumor formation and cancer).
